method using mercuric thiocyanate requires specialized millimolar quantities of Cl Ϫ in nanoliter samples, we prepared a soluequipment, and both techniques have relatively low resotion of 0.25 mm SPQ and loaded it into the reservoir of a continuouslution (as defined by two times the standard error divided flow ultramicrofluorometer, which can be constructed from commercially available components. Samples were injected with a calibrated by the slope) in the range of 6 mm [1] . The latter assay pipette via an injection port, and the resultant peak fluorescent deflechas additional drawbacks: The reagents are caustic, and tions were recorded. The deflections represent a decrease in fluoresthe ultramicrocolorimeter needed for the assay cannot cence caused by the quenching effect of the Cl Ϫ injected.
Results. The method yielded a linear response with Cl Ϫ concentrabe built from commercially available components, re- [11, 12] , or optical Figure 1 shows a schematic diagram of the ultramimeasurement using an assay based on the reaction of crofluorometer used in the Cl Ϫ assay. It consists of a 100 Cl Ϫ with mercuric thiocyanate in the presence of ferric W Hg spectral lamp (Osram Hg/100 W), a photomultiiron [4] or mercuric nitrate [13] . However, all of these plier tube (Thorn EMI; Ruislip, Middlesex, UK) and holder, a picoammeter (Keithley, Cleveland, OH, USA), a reagent reservoir, an injection port, a cuvette, a syringe to filter the light before it enters the fiber. A Wratten of the recording device, and the position of the photogelatin filter (Eastman Kodak, Rochester, NY, USA), multiplier tube are adjusted for maximum sensitivity. which blocks light below 500 nm, is used as a secondary Operation filter between the cuvette and the photomultiplier tube (Thorn EMI Electron tubes, type 9826B). The reservoir,
The Silastic tubing of the ultramicrofluorometer is which is simply a Pasteur pipette, is connected to the backfilled through the syringe pump to clear all air bubinjection port. The injection port is made of borosilicate bles. The Pasteur pipette is then loaded with 0.25 mm glass (o.d. 1.2 mm, i.d. 1.0 mm) and has a hole approxi-SPQ (Molecular Probe, Eugene, OR, USA) in water, mately 0.4 mm in its wall for injections. One end of the and the solution is drawn through the apparatus with a injection port is drawn to approximately 0.30 mm so that syringe. At a rate of 2 to 2.5 l/min, the syringe pump the Silastic tubing can be attached to it. The Silastic is connected and set to continuously draw fluid through tubing (i.d. 0.30 mm) runs from the injection port to one the system. Samples (9.7 nl sample) have to be gently end of the cuvette, which is a 3 cm piece of borosilicate injected via the injection port as often as once every four glass (i.d. 0.30 mm) and then from the other end to the to five minutes. As samples are carried by the flowing syringe pump. The optical fiber enters the Silastic tubing solution, the Cl Ϫ reacts with the dye. We set the syringe at its junction with the proximal end of the cuvette.
pump at this rate to have the greater signal. When this The cuvette sits in a tunnel that traverses the photobolus reaches the cuvette, the photomultiplier tube demultiplier tube holder. This is simply a block of nonfluotects a decrease in basal fluorescence, and it is recorded rescent, opaque material (in this case, aluminum) in which as a peak by the chart recorder. The peak height was a 2.54 cm hole is drilled to a depth of 6 cm. Another based on the peak departure of the recorded signal from 1.5 mm hole is drilled at a right angle to the first, bisecting the baseline signal. the 2.54 cm hole at its base in order to form a tunnel. The cuvette and its tubing are threaded through the RESULTS tunnel so that the cuvette lies at the base of the 2.54 cm First, we determined the response of the assay to varyhole, and the photomultiplier tube is advanced in the ing Cl Ϫ concentrations in the physiological range using hole until it just touches the cuvette. Both the cuvette sundry NaCl solutions. Figure 2 shows typical signals and photomultiplier tube are then sealed in place with emitted by 100, 150, and 200 mm NaCl. Figure 3 shows black silicone adhesive to prevent light leaks. The output the response from 5 to 200 mm NaCl. The correlation of the photomultiplier tube is recorded on the picoamof peak heights and Cl Ϫ concentrations was linear. The meter (485 Autoranging Picoammeter; Keithley). The minimum Cl Ϫ concentration tested was 5 mm, which also output of the picoammeter can be recorded either digitally approximates the minimum detectable concentration of or on a chart recorder. The voltage supplying the photomultiplier tube, the range of the picoammeter, the range the assay as described here. It may be possible to achieve greater sensitivity by adjusting different parameters; however, we were attempting to achieve a linear response over a broad range of physiologically important Cl Ϫ concentrations. Peak heights (N ϭ 3) in arbitrary units (a.u. Ϯ sd) were 4.3 Ϯ 0.5 at 5 mm, 11.5 Ϯ 0.5 at 10 mm, 43.8 Ϯ at 50 mm, 75.0 Ϯ 1.7 at 100 mm, 110.5 Ϯ 0.9 at 150 mm, and 148.5 Ϯ 3.4 at 200 mm NaCl. The slope of the relationship between the decrease in fluorescence and Cl Ϫ concentration was 0.72 a.u./mm. The reproducibility of the response was extremely good, with the coefficient of variations being 4.6% at 5 mm, 1.7% at 10 mm, 1.6% at 50 mm, 1.0% at 100 mm, 0.4% at 150 mm, and 1.1% at 200 mm. The average coefficient of variation resolution (defined as two times the standard error divided by the slope) was 1.0 mm between 5 and 50 mm and 2.6 mm between 50 and 200 mm.
Because physiological experiments are performed in the presence of other anions that may interfere with the assay, we tested the effect of other nonchloride anions on the signal emitted by SPQ. Table 1 summarizes the biological nonchloride anions used in this study. At physiological concentrations, none of the biological nonchloride anions gave any signal. Whereas 500 mm NaHCO 3 and 100 mm HEPES yielded small signals equivalent to 6.0 Ϯ 0.7 and 23.0 Ϯ 0.7 mm Cl, respectively, the nonbiological anion NaBr (150 mm) responded with a significantly greater peak height equivalent to 264 Ϯ 2 mm NaCl.
Because pH may also vary in physiological experiments, we examined the effect of changing pH on the response. To investigate whether pH may affect the signal of the chloride-SPQ complex, we also examined the effect of varying pH on the response to 100 mm. Peak heights in response to 200 mm Cl Ϫ at pH 6.0, 7.1, and 9.5 were 152 Ϯ 1, 152 Ϯ 1, and 155 Ϯ 1 a.u., respectively. Thus, only a small effect of pH on the signal emitted by 100 mm NaCl was apparent at pH 9.5, well beyond that expected to occur in a physiological experiment.
Chloride absorption can be inhibited by the loop diuretic furosemide in the thick ascending limb [1] or with of cells [16] . Thus, we tested whether furosemide would interfere with the assay. When 100 mm NaCl samples significantly over the two to three hours. If the peak were injected, the mean response was 90 Ϯ 1.2 a.u., height of the sample with a known concentration of chlowhereas 100 mm NaCl plus furosemide (100 m) gave a ride changed significantly, it indicated that a bubble was signal of 91 Ϯ 2 a.u. (NS). Thus, furosemide did not forming in the flowing stream. The frequency of this interfere with the signal emitted by the chloride-SPQ problem can be reduced with careful preparation of the complex. Finally, we tested the chloride channel antagoreservoir solution, such as degassing with a vacuum the nist, diisothiocyanostilbene-2,2Ј-disulfonic acid (10 Ϫ4 m solution 15 minutes at room temperature before each DIDS), and it did not interfere with the assay ability to experiment. detect physiological concentrations of NaCl (⌬ Ϫ3.3 Ϯ With this compound, the cost of measuring 100 sam-3%, 150 mm NaCl vs. 150 mm NaCl ϩ DIDS, N ϭ 3).
ples is less than five cents. In addition, the equipment can be conveniently used to measure nanoliter samples of other markers, such as raffinose method to measure picomole quantities of chloride. The either radioactive material, very specialized and custommethod is highly specific for chloride, with a resolution made equipment, or special training. We developed a of 1 mm between 5 and 50 mm and 2.6 mm between 50 simple, low-cost technique that provides rapid and conand 200 mm, using a 9.7 nl sample. Samples can be insistent measurements of Cl Ϫ from nanoliter samples usjected once every four minutes; consequently, chloride ing the fluorescent indicator SPQ [15] . This method was can be measured in "real time" during the experiment. developed so that Cl Ϫ fluxes could be easily determined The ultramicrofluorometer used for the assay can be in isolated, perfused renal tubules, in which Cl Ϫ concenconstructed primarily from commercially available comtration generally ranges from 50 to 150 mm, while the ponents with a minimum of custom machining or elecsample size ranges from 5 to 10 nanoliters. This new tronics. Given these attributes, this method represents method offers advantages over the other techniques. a significant improvement over existing methods. One advantage over the other methods is that the Cl Ϫ concentration in the sample (9.7 nl) can be determined ACKNOWLEDGMENTS during the experiment. This is very useful for the investi-
